Glyoxylate at a concentration of 10 millimolar caused 50% inhibition of decarboxylation of 20 millimolar 11-'4Clglycine and accompanying synthesis of serine in a mitochondria-enriched preparation from tobacco (Nicotiana tabacum var. John Williams Broadleaf) leaves. None of the other compounds tested including formate, acetate, oxalate, aspartate, and glutamate appreciably affected activity. Occasional inhibition produced by glycolate may have resulted from residual glycolate oxidase in these preparations. Added glyoxylate was not converted to glycine in these preparations and about 98% of it could be recovered at the end of the reaction. Hence, the observed inhibition by glyoxylate did not result from dilution of radioactivity in the substrate.
The photorespiratory pathway of C3 plants, in spite of its deleterious effect on net photosynthesis, provides a major source of the important amino acids glycine and serine. Numerous studies have confirmed with leaf tissue the reaction sequence glycolate -. glyoxylate -. glycine -+ serine resulting in rapid rates of lightdependent CO2 release (12, 17, 24, 25) .
Conversion of glycine to serine occurs in the mitochondria with release of CO2 from the carboxyl group of glycine. This latter process is considered to be a two-step reaction catalyzed by glycine decarboxylase (reaction 1) and L-serine hydroxymethyltransferase (reaction 2). piratory CO2 in leaf tissue. The pyridoxal-P antagonist, INH, inhibits glycine decarboxylation in mitochondrial preparations (27) and in isolated soybean cells (12) and blocks serine synthesis in illuminated tobacco leaf discs (25) . In vitro studies with mitochondrial preparations from leaves indicate a high capacity in these organelles for decarboxylation of added glycine (2, 23, 27) .
A mutant ofArabidopsis deficient in L-serine hydroxymethyltransferase activity showed little CO2 evolution in 50% 02, 50% N2
when exogenous NH3 was provided (19) , and the stimulation of CO2 evolution observed in the absence of added NH3 was ascribed to oxidative decarboxylation of glyoxylate by reaction with endogenous H202. Glyoxylate has been suggested as a significant source of photorespiratory CO2 (5, 12, 26) , possibly when a shortage of amino donors limits conversion ofglyoxylate to glycine (19) . Glyoxylate has been shown to be not only a substrate but a regulator of photorespiration when supplied exogenously to tobacco leaf discs (13) . Glycolate synthesis and CO2 evolution into CO2-free air were inhibited in the presence of glyoxylate. Also, an enhancement of net photosynthesis in 21% 02 was observed (10, 13) .
This study defines one possible site of biochemical regulation of photorespiratory carbon flow. Glyoxylate inhibits the enzymic decarboxylation of glycine and synthesis of serine in isolated leaf mitochondria. The reverse reaction, conversion of serine to glycine, is also regulated by glyoxylate but in a more complex manner. The results are discussed with reference to metabolic regulation of the photorespiratory pathway. A preliminary report of this work has appeared (15) .
MATERIALS AND METHODS
Plant Material. Nicotiana tabacum var. John Williams Broadleaf was grown in a greenhouse and provided all of the material used in this study.
Particulate Preparations from Leaves. The method was essentially that described in Lawyer and Zelitch (10) . Two g of leaf tissue (midribs removed) were ground with 1.5 g sand and 30 ml grinding medium (0.4 M sucrose, 33 mm KH2PO4, 20 mm Na citrate, 5 mM Na2EDTA, 7 mm freshly added 2-mercaptoethanol, pH 7.7) in a chilled mortar and pestle for 1 min. The preparation was filtered through eight layers of cheesecloth under vacuum, then centrifuged at 10OOg for 10 min at 5°C. The supernatant was centrifuged again at 38,000g for 10 min. The mitochondria-enriched pellet was resuspended in assay medium ( (10 mM) added to the assay system for decarboxylation of glycine by a mitochondrial preparation from tobacco leaves. Unlabeled glycine (20 mM) was present in all of the samples. The preincubation time was 15 min and the assay time was 10 min. The Il-"CI glycine (7.53 x lO5 dpm) and [l-_4Cglyoxylate (3.17 x lO dpm) were added where indicated. The protein concentration was 100 jg ml-'. The assay was performed as described in "Materials and Methods" with glycine decarboxylation occurring at 2.6 and 1.1ltmol CO2 mg-' protein h-' in the absence and presence of glyoxylate, respectively. After stopping the reaction, the flask contents were placed on a 0.7 x 6 cm colume of AG l-X8 acetate and eluted first with H20 (basic and neutral compounds), then 4 N acetic acid (weak acids), followed by I N HCI (strong acids ration from leaves, only glyoxylate was found to be significantly inhibitory (Table I) . Glycolate occasionally inhibited the reaction, probably because glycolate oxidase activity present in the preparation converts glycolate to glyoxylate. When the concentration of glyoxylate was varied in the presence of 20 mt glycine, decarboxylation of glycine was inhibited about 50%3o at a glyoxylate concentration of 10 mm (Fig. 1) .
The rate of decarboxylation of glycine in either the presence or (Table II) . Unlabeled glycine (20 mM), whether in the presence or absence of NAD, had no effect on the rate of "'CO2 release from [1-"'C]glyoxylate (10 mM). In addition, added catalase virtually eliminated decarboxylation of glyoxylate but in fact enhanced decarboxylation of glycine. Responses to catalase and lack of reciprocity of inhibition of CO2 release by glycine and glyoxylate indicate that these two compounds are decarboxylated by different processes. Small quantities of H202 generated in these preparations appear responsible for glyoxylate decarboxylation and possibly the loss of some glycine decarboxylase activity. Formate produced during glyoxylate decarboxylation did not significantly affect glycine decarboxylation (Table I) . (Fig. 3) (-) or Acetate(- FIG. 4 . Effect of protein concentration on L-serine hydroxymethyltransferase activity in a mitochondrial preparation at various levels of glyoxylate or acetate. The preincubation was for 7 min and the assay for 10 min in the presence of 5.0 mm L-serine (2.97 x 104 dpm ,Lmol-'). The numbers associated with the curves indicate the amount of protein added to the samples having a final volume of 0.5 ml. Glyoxylate and acetate were added as their Na salts.
concentrations of glyoxylate a catalytically inactive association of the inhibitor with the enzyme-substrate complex occurred (18) .
The maximum velocity was 3.9 (SE = 0.5) umol mg-' protein h-1, and the Michaelis constant was 3.2 (SE = 0.8) mm glycine in the absence of glyoxylate which compares favorably with a previous report (10) .
Glyoxylate inhibited ["Ciserine synthesis to a similar extent as (Table III) L-Serine hydroxymethyltransferase activity in particulate preparations from leaves exhibited an apparent Michaelis constant for L-serine of 1.7 mM (SE = 0.1), and the activities were similar to those observed for glycine decarboxylation. The response of Lserine hydroxymethyltransferase activity to added glyoxylate was much different, however (Fig. 4) . Activity was slightly enhanced with increasing glyoxylate concentration up to 5.0 mm. Above 10.0 mm glyoxylate, activity steadily declined at all serine concentrations tested (1-5 mM; data not shown). L-Serine hydroxymethyltransferase activity was proportional to protein concentration at low (<5 mM) levels of glyoxylate, but this linear relationship was not observed at high levels (10-20 mM). These effects were specific for glyoxylate and could not be elicited with acetate (Fig. 4) . The time course of HCHO formation at various concentrations of glyoxylate indicated distinct nonlinearity which was most evident at the highest levels of glyoxylate (data not shown).
The relative response of L-serine hydroxymethyltransferase to glyoxylate was not changed upon varying the 2-mercaptoethanol concentration in the assay. When the THF concentration was progressively increased above 1.6 mm, however, a gradual decline in enzyme activity occurred in the absence of glyoxylate (Fig. 5) . The inhibitory effect of 20.0 mm glyoxylate at 0.8 and 1.6 mM THF was completely reversed at THF levels above 5.0 mm, which suggests that the inhibitory effect of glyoxylate may reside at the site of interaction of THF with L-serine hydroxymethyltransferase.
The activities of L-serine hydroxymethyltransferase and glycine decarboxylase, both pyridoxal-P containing enzymes, exhibited different sensitivities to INH (Table I ). An inhibition of glycine decarboxylase activity by 23% at 1.0 mm INH was observed, while 10.0 mm INH was necessary to cause similar inhibition of L-serine hydroxymethyltransferase activity from the same preparation. Hence, glycine cleavage (27) in leaf tissue or callus is likely to be much more sensitive to INH than glycine synthesis from serine.
DISCUSSION
Ever since it became apparent that glycine decarboxylase was a significant source of photorespiratory C02, several studies have sought to characterize the reaction biochemically. The enzyme complex is strictly localized in the mitochondrion (2) . A strong dependence on respiratory chain 02 uptake to oxidize NADH generated during glycine cleavage, the coupling of the process to ATP synthesis, and its sensitivity to respiratory inhibitors led Moore et al. (1 1) (8) .
Consideration of the roles of glycine and serine in photosynthesis, protein synthesis, NH3 metabolism, cysteine synthesis, and C1 metabolism suggests that the pool sizes of these important metabolites may be subject to metabolic regulation. Woo (14) .
Regulation of L-serine hydroxymethyltransferase activity in Lemna minor by L-lysine was reported by Wong and Cossins (22) with special reference to control of methionine synthesis. The metabolic scheme presented was a good example of interpathway regulation of metabolite synthesis. In the present study, glyoxylate was a reversible inhibitor at high concentrations yet enhanced activity relative to a control by about 25% at low concentrations. This complex response to glyoxylate is most likely modulated by the concentrations of enzyme substrates, especially THF, employed in the assay system (Fig. 5) .
A major consideration is whether the enzyme regulation described here occurs in vivo. Glyoxylate may be transported from the peroxisome to the mitochondrion. Excretion of glyoxylate from the peroxisome into the cytoplasm has often been suggested within the context of a proposed glycolate-glyoxylate shuttle operating between the peroxisome and the chloroplast (21) . Another source of glyoxylate may be the malate synthetase reaction which has been reported to be present in trace quantities in mitochondria from spinach leaves (24) . Finally, experiments studying the simultaneous incorporation of 3H and 14C into metabolites by tobacco leaf discs suggested that one or more pools of glyoxylate exist which are distinct from that which is derived from the oxidation, by glycolate oxidase, of glycolate produced in the light
